Abstract Heavy metals in water can be deposited on graphite flakes, which can be used as an enrichment method for laser-induced breakdown spectroscopy (LIBS) and is studied in this paper. The graphite samples were prepared with an automatic device, which was composed of a loading and unloading module, a quantitatively adding solution module, a rapid heating and drying module and a precise rotating module. The experimental results showed that the sample preparation methods had no significant effect on sample distribution and the LIBS signal accumulated in 20 pulses was stable and repeatable. With an increasing amount of the sample solution on the graphite flake, the peak intensity at Cu I 324.75 nm accorded with the exponential function with a correlation coefficient of 0.9963 and the background intensity remained unchanged. The limit of detection (LOD) was calculated through linear fitting of the peak intensity versus the concentration. The LOD decreased rapidly with an increasing amount of sample solution until the amount exceeded 20 mL and the correlation coefficient of exponential function fitting was 0.991. The LOD of Pb, Ni, Cd, Cr and Zn after evaporating different amounts of sample solution on the graphite flakes was measured and the variation tendency of their LOD with sample solution amounts was similar to the tendency for Cu. The experimental data and conclusions could provide a reference for automatic sample preparation and heavy metal in situ detection.
Introduction
Laser induced breakdown spectroscopy (LIBS) is a rapid element analysis technique used to obtain material composition and concentration by analyzing the location and signal strength of the laser induced plasma characteristic spectrum [1, 2] and has been used in chemistry, medicine, biology and environmental monitoring and etc [3−5] . When using the LIBS technique for detecting trace heavy metals in water, we needed to use enrichment and curing methods for sample preparation, in order to avoid liquid sputtering and strong absorption. For example, Pace et al. [6] and Zhao et al. 7] put forward that sample solutions could be converted into solid pellets of calcium hydroxide by mixing with CaO, or electrochemically deposited on pure aluminum rods, but it was difficult to exclude the matrix effect. Wu et al. [8] and Chen et al. [9] proposed that heavy metals could be enriched on filter paper or wood, but the internal standard element was not stable because the two materials were soft. Vander et al. [10] first used graphite as the base and the result showed that the LIBS signal was stable. Then Wang et al. [11] and Shi et al. [12] measured Pb and Ni enriched on a graphite flake in water and the limits of detection (LOD) were, respectively, 0.0665 mg/L and 0.280 mg/L. However, the manual titration and oven heating which were used for graphite sample preparation in the above studies could not meet the needs of automatic and in situ detection. A quantitative relationship between the spectral intensity and the sample solution amount or between LOD and the sample solution amount has not been reported in the available literature.
In this paper, an automatic device for preparing graphite samples was designed. The effect of the sample preparation methods on sample distribution, the LIBS signal repeatability of the samples prepared with the automatic device, and the intensity of the characteristic spectral line and LOD after evaporating different amounts of sample solution on the graphite flakes are discussed. The results could provide a reference for automatic and in situ detection of heavy metals.
Experimental details 2.1 Spectrum excitation and measuring devices
The LIBS instrument used in this paper is shown in Fig. 1 . A 1064 nm Q-switched Nd:YAG laser (8 ns pulse width, 120 mJ; 1 Hz repetition rate) was used in the experiment. The laser pulse was focused by a lens with a 100 mm focal length to create a plasma on the graphite surface which was enriched with a heavy metal. The plasma emission was collected by a coupling lens with a 50 mm focal length and fiber-coupled (1.5 m, 50 µm in core diameter) to an Andor spectrometer. The spectral range was 200 nm to 850 nm and the spectral resolution was 0.1 nm at a 500 nm wavelength. The detector was an intensified charge-coupled device (ICCD, 1024×1024 pixels). DG535 was used to control the delay time and gate width. Based on our previous studies, the delay time between the laser beam and the scan of the spectrometer was 5 µs and the gate width was 25 µs. 
Automatic sample preparation device
Graphite with a 99.99% carbon mass fraction was used as the base and there was no obvious overlap or crossing between the spectral lines of trace impurities and measured elements. The base was polished into a circular disk with a 27 mm diameter and 1 mm depth. The sample solutions were prepared with Cu(NO 3 ) 2 ·3H 2 O and double-distilled water, and the graphite samples were prepared with an automatic enrichment device.
As shown in Fig. 2 , the automatic enrichment device was made up of several parts, including the loading and unloading module, the quantitatively adding solution module, the rapid heating and drying module and the precise rotating module. Considering the uniformity of heavy metal distribution, the adding solution module would work independently of the heating module. First, the sample solution was added to the graphite flake with an injecting liquid pump. In order to make sure that the sample solution was sprayed evenly on the graphite flake, the outlet of the injecting liquid pump was made into a nozzle. According to the size of the graphite flake, about 1 mL liquid could be added before overflow. Then, the rotating table rotated from position 1 to position 2, and the graphite sample was dried in the rapid heating and drying module. The above process was repeated until the required amount of sample solution was achieved. An electromagnetic heating mode with 360 W heating power was used and the temperature was controlled at 170
• C. The time spent enriching different amounts of sample solution on the graphite flakes is shown in Table 1 . The LIBS signals were measured from position 3 to position 4 in the precise rotating module. As shown in Fig. 3(a) , the graphite flake was divided by arcs whose radii were the same as that of the rotating table. According to the size of the flake and the changing step length of the rotating table, about 20 points without repetition could be measured along one arc. After finishing the measurements along the first arc, the graphite flake was driven by a motor and rotated by a certain angle on its axis. Then the rotating table turned back and the next measurement along an adjacent arc was conducted from position 4 to position 3. The above procedure was repeated until the measurements along all the preset arcs were finished. 3 Results and discussion
Heavy metal distribution uniformity
Two samples were prepared, respectively, using the automatic device and using the traditional method, and the distribution uniformity was assessed. First, a 10 mL sample solution of Cu (with a concentration of 0.25 mg/L) was enriched on the first graphite flake sample using the automatic device. Spectrum data were recorded after a pulse and 20 spectral data points were measured along one arc. These were chosen at random and are shown in Fig. 3(a) . The relative standard deviation (RSD), which was calculated from the above 20 spectral data points, was 17.8%. Then, the second graphite sample was prepared using the traditional method, in which a titration dropper and oven heating were used to add and dry the liquid, respectively. As shown in Fig. 3(b) , the LIBS signals were measured in the same way. The RSD was 12.4%, which was lower than that for the sample prepared with the automatic device. A significance test for the two data sets was conducted and the corresponding P value, 0.158, was larger than 0.05. The results showed that there was no significant difference between the two samples and the sample preparation methods had no significant effect on the sample distribution.
LIBS signal repeatability
In the actual measurements, the method of accumulating pulses was usually adopted to decrease LIBS signal fluctuation. The graphite flakes were enriched with 1 mL, 2 mL, 4 mL, 8 mL, 12 mL, 20 mL, 30 mL and 40 mL of sample solution of Cu (with a concentration of 0.25 mg/L). Twenty pulses were accumulated for one spectrum. When the graphite flake was divided by 16 arcs, as shown in Fig. 4(a) , 16 spectral data sets could be obtained. As Fig. 4(b) shows, the RSD, which was calculated from the above 16 spectral data sets, fluctuated with increasing amounts of sample solution and the average value was 3.06%. The LIBS signal was stable and repeatable, so the spectral data met the requirements for quantitative analysis by LIBS. 
Relationship between the peak intensity and the sample solution amount
The relationship between peak intensity and sample solution amount was assessed further. The LIBS sig-nals of the graphite samples enriched with 2 mL, 4 mL, 8 mL, 12 mL, 20 mL, 30 mL and 40 mL of Cu solution (with a concentration of 0.25 mg/L) were measured and the 16 spectral data sets on one graphite flake were averaged. The correlation between the peak intensity and the sample solution amount is shown in Fig. 5 . The results show that the peak intensity increased rapidly as the amount of sample solution increased until the amount reached 20 mL, then the peak intensity rose slowly and approached saturation due to of self-absorption. An exponential function could represent the changing trend and the correlation coefficient (R) was 0.9963.
The intensity of the background spectrum, which was about 1 nm away from Cu I 324.75 nm, fluctuated in the range of 520-570 a.u. when the amount of sample solution increased, as shown in Fig. 5 . The spectral intensity of the blank graphite flake at 324.75 nm was 547 a.u., which was approximately equal to the above background intensity. The background intensity remained unchanged with the increase of the amount of sample solution. Therefore, the signal-to-background ratio (S/B) of the LIBS could be significantly improved after multiple enrichments. 
Relationship between the LOD and sample solution amount
The LOD was an important parameter for measuring the detection ability of the LIBS. According to the stipulation of the International Union of Pure and Applied Chemistry, the LOD is given in a concentration as follows [13] :
In the above formula, K is a constant depending on a certain confidence level and equals 3 in spectrochemical analysis; M reflects the sensitivity and equals the slope of the calibration curve; and S b is the standard deviation (SD) of the background.
In this paper, the blank graphite flake was repeatedly measured 20 times and the SD (S b ) of the background intensity at 324.75 nm was 34.3. In order to calculate the parameter M , samples with different concentrations were measured. The slope was obtained through linear fitting of the peak intensity versus the concentration. Then the LOD could be calculated using the above formula. As shown in Table 2 , the experimental results show that multiple enrichments would be a more convenient and cheaper method to meet the needs of in situ detection, when there is no strict time requirement.
The variation trend of the LOD with an increasing amount of sample solution is shown in Fig. 6(a) . An exponential function with a correlation coefficient of 0.991 is able to reflect the trend. The results show that the LOD first decreased rapidly as the amount of sample solution increased until reaching 20 mL. However, when the concentration of heavy metals in the water was very low, e.g., close to the loss in one enrichment process, the LIBS signals could not be detected using multiple solution enrichment.
Using the above methods, graphite samples of Pb, Ni, Cd, Cr and Zn which were enriched with different amounts of sample solution were measured and Pb I 405.78 nm, Ni I 341.46 nm, Cd I 228.80 nm, Cr I 425.435 nm and Zn I 202.54 nm were selected as the analytical lines. The trends of the LODs with increasing amounts of sample solution are shown in Fig. 6(b) -(f) and are similar to that for Cu. The results also show that the LODs of Pb and Ni, when the enrichment amount reached 20 mL, decreased slowly. However, the LODs of Cd, Cr and Zn decreased slowly when the enrichment amount reached 10 mL. The reason for this might be that Cd, Cr and Zn were more easily evaporated than Pb and Ni in the process of repeated automatic heating and water vapor evaporation. The experimental data might provide a reference for the enrichment amount of the sample solution. 
Conclusions
In conclusion, an automatic device was designed for preparation of the graphite samples. The results show that the sample preparation methods had no significant effect on sample distribution and the LIBS signals accumulated in 20 pulses were stable and repeatable. The intensity of the characteristic spectral line and the LOD after evaporating different amounts of sample solution on the graphite flakes were further assessed. With an increasing amount of sample solution, the peak intensity of Cu I 324.75 nm showed an exponential growth trend and the background intensity remained unchanged. The LOD was calculated through linear fitting of the peak intensity versus the concentration. The LOD of Cu first decreased rapidly as the amount of sample solution increased until the amount reached 20 mL. The LODs of Pb, Ni, Cd, Cr and Zn after evaporating different amounts of sample solution on the graphite flakes were measured. The variation tendency between the LOD and solution amounts was similar to the tendency for Cu. The automatic device provides the possibility of automatic sample preparation and the experimental data provide a reference for the enrichment amount of sample solutions.
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